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Abstract

The physis, or growth plate, is a layer of cartilage responsible for long bone growth. It
is organized into reserve, proliferative and hypertrophic zones. Unlike the reserve zone
where chondrocytes are arranged randomly, either singly or in pairs, the proliferative and
hypertrophic chondrocytes are organized within a tubular structure called a chondron.
Strain gradients within the growth plate have been found to be heterogeneous with an
apparent random pattern. No study to date has examined how chondrons deform when
the physis is compressed.

This thesis reports on a method to measure structural

deformations along the entire lengths of chondrons when the physis is subjected to
physiological (20%) and hyper-physiological (30% and 40%) levels of compression. The
results allow for an interpretation of the apparent random heterogeneity in strains in terms
of bending and shearing deformations of chondron structures and provide an explanation
for the tensile strains reported in previous studies.
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PREFACE
The main body of this dissertation is composed of the following journal article:
“Analysis of chondron deformation during physiologic and hyper-physiologic
compression of growth plate cartilage” written for submission to the Journal of the
Mechanical Behavior of Biomedical Materials.
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Chapter 1. Introduction

The growth plate, also known as epiphyseal plate or physis, is a specialized
structure that is responsible for longitudinal bone growth by means of endochondral
ossification. Endochondral ossification is a process whereby the cartilage is replaced by
bone; the chondrocytes in the cartilage are arranged in a highly organized manner inside a
tubular structure called a chondron and within each chondron undergo a sequence stages
including differentiation, proliferation, cessation of proliferation, hypertrophy and
eventually either apoptosis or perhaps differentiation into the osteoblast lineage.
Towards the end stage of hypertrophy chondrocytes increase in size 10-20-fold,
synthesize type X collagen and gradually calcify the tubular shaped matrix in which they
are housed (Shapiro et al., 2002; Tsang et al., 2015). Over time, osteoblasts are attracted
to the site and, eventually, vascular invasion in that site will promote bone formation.
Growth plate cartilage remains at the proximal and distal ends of a long bone between
epiphysis and metaphysis until bone growth stops, which is typically sometime in
adolescence when the bone ossifies completely (Shapiro et al., 2002).
Mechanical loading influences bone growth and development through what has
become known as the Hueter-Volkmann “law” involving complex mechanotransduction
and signaling pathways that are the subject of active research (Duncan and Turner, 1995;
Iannotti et al., 2000; Zheng et al., 2014; Villemure and Stokes, 2009; Ueki et al., 2008).
This “law” states that increasing compression forces inhibits growth and decreasing
compression forces stimulates growth.

When mechanical loading falls outside

physiologic limits or when the transduction or signaling pathways are impaired bone
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growth is altered or impaired (Frost, 1990). Adolescent Blount’s disease and idiopathic
scoliosis are examples of altered bone growth believed to be related to the response of
chondrocytes to mechanical loading. Given that growth plates are the weakest, yet most
critical part of a long bone during its development (Iannotti et al., 2000), understanding
its structure, function, and mode of injury is of great importance.
Several studies have investigated growth plate at the macro and micro scales to
quantify how the strain is transmitted in the growth plate (Amini et al., 2013, 2011, 2010;
Sergerie et al., 2009b; Wu and Herzog, 2006). However, few morphometric studies exist
at the microscale that examine the chondron level mechanical behavior, which could
elucidate how the strain is transmitted to the cells during compression of the growth plate
(Sevenler et al., 2013; Villemure et al., 2007).
The aim of this project was to characterize the deformation of chondrons in
growth plates under compression. This was performed using confocal microscopy to
obtain a three dimensional (3D) view of the growth plate sample before and after
compression. These images were reconstructed using an extended depth of field plugin
with ImageJ (NIH, Bethesda, Maryland, USA) and analyzed to obtain quantitative
measurements of chondrons as they deformed under increasing amount of physeal
compression.
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Chapter 2. Background

1. Growth plate anatomy
Growth plates are found at either both ends of long bones or in short bones at one end
between the epiphysis and metaphysis (Fig. 1) and are surrounded by the ossification
groove of Ranvier and a fibrous tissue called perichondrial ring of Lacroix (Peterson,
2007).

The chondrocytes (cartilage cells) in the growth plate can be considered

according to their function and location within zones of the growth plate cartilage:
reserve zone, proliferative zone and hypertrophic zone (Brighton, 1978).

The

extracellular matrix of the growth plate consists of collagen (II, IX, X, XI),
proteoglycans, water, matrix metalloproteinase, and aggrecanase (Iannotti et al., 2000).

proximal femoral
growth plates
greater trochanter
epiphysis

femoral head
epiphysis

metaphysis

femoral diaphysis
Fig.1. Growth plates in the proximal femur of a pig.
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Fig.2. Growth plate histology of the proximal tibia of a 5- month old veal showing three
zones and the location of the epiphysis and metaphysis. The plane of view is parallel to
the longitudinal axis of the bone.

The reserve zone is located adjacent to the epiphyseal end of the bone where the
chondrocytes are found as single cells or in pairs (Brighton, 1978). These cells are round
and extracellular matrix volume is proportionally larger than the cell volume. Collagen
fibrils in this area appear to have a random distribution and orientation (Brighton, 1978).
Cell proliferation and matrix production are observed in the proliferative region where
cells exhibit a more flattened shape (Brighton, 1978). The cells in proliferative zone are
arranged in columns and there is an orderly progression of flattened proliferative cells to
hypertrophic zone cells (Brighton, 1978).

This tubular arrangement of cells from

proliferative and hypertrophic zones is called a chondron. These chondrons, around 35
m in diameter, are aligned parallel to the long axis of bone and the orientation is
continuous in proliferative and hypertrophic zone until the calcified cartilage area. The
cells in the chondron are surrounded by pericellular matrix (PM) comprised exclusively
4

of proteoglycans (Eggli et al., 1985).

The territorial matrix (TM) is comprised of

collagen fibers uniting the cells with their PM into an entire chondron. The chondrons
along with PM and TM are embedded within an interterritorial matrix (ITM) (Eggli et al.,
1985). The chondrons appear to be tightly bound by the ITM in groups of up to ten
around a central nutrient vessel penetrating through the reserve zone and just reaching the
beginning of the chondrons (Trueta and Morgan, 1960; Williams et al., 2001).
In the hypertrophic zone, cells enlarge and become spherical in shape and
undergo enlargement to about ten or more times larger than proliferative zone
chondrocytes (Brighton, 1978). As the chondrocytes of the hypertrophic zone enlarge,
gradually the extracellular matrix mineralizes along the length of the chondron. The
function of the upper hypertrophic zone includes the accumulation, release, and storage
of calcium while calcification, itself, is observed more in the lower hypertrophic region.
Following chondrocyte apoptosis and vascular invasion, osteoblasts are attracted to this
area where the calcified cartilage scaffold serves as a substrate for bone tissue formation
and remodeling (Brighton, 1978). Bone growth is a combination of cell proliferation and
cell hypertrophy, the latter being the dominant contributor to the increase in bone length.
The physis proper is avascular; the nutrients and oxygen obtained by the physeal
chondrocytes are supplied by three different sources (Brighton, 1978): 1) in mammals the
epiphyseal arteries penetrate the resting or reserve zone and terminate at the top of the
chondrons in the proliferative zone where each arterial branch supplies up to 10
chondrons (Brighton, 1978); 2) metaphyseal arteries enter from the metaphysis side into
the zone of provisional calcification; and 3) periosteal arteries provide oxygen and
nutrient supply to the zone of Ranvier surrounding the physis (Peterson, 2007). There are
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no blood vessels penetrating the proliferative and hypertrophic zone hence most of the
oxygen and nutrient supply is obtained by diffusion (Brighton, 1978).
2. Bone growth theories
Wolff observed in the second quarter of the 19th century that the external shape
and internal structure of bone adapt to the mechanical loads and hypothesized that this
relationship between form and function would follow mathematical laws. Although
Wolff was not the first to have this idea (Galileo Galilei made similar observation in
1638) and he never formulated any such mathematical laws, his hypothesis has become
known as Wolff’s law (Wolff, 1986). What we call Wolff’s law today encompasses
many different ideas that Wolff himself did not write about and the subject has generated
many bone modeling and remodeling theories and continues to be an area of active
research interest.

This thesis on the other hand is focused on endochondral bone

formation which involves cartilage and chondrocytes primarily and bone cells
secondarily.

Two recent theories have been proposed that attempt to explain the

relationship between mechanics and endochondral bone formation: 1) Carter-Wong’s
chondral ossification theory (Carter, 1987; Carter and Wong 1988) which relates the
formation of secondary centers of ossification and the development of the growth plates
to mechanical stresses, based on ideas originated by Pauwels (1980); and 2) Frost’s
chondral remodeling theory (1990) which relates changes in orientation and shape of the
growth plate to loading conditions by means of a growth/force response curve which
provides limits to the magnitudes of stress.

The Carter-Wong theory for cartilage

calcification states that hydrostatic compressive (dilatational) stresses in the growth
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cartilage inhibit cartilage ossification whereas comparatively high shear (deviatoric)
stresses promote endochondral ossification (Carter and Wong, 1988).
Long before these recent theories Hueter and Volkmann made clinical
observations that have led to what is now referred to as the Hueter-Volkmann law or
principle although neither author actually formatted such a law or proposed the principle
which now bears their names. The Hueter-Volkmann principle states that increased
compressive loading across a growth plate can reduce bone growth while reduced
compressive loading can accelerate bone growth (Hueter, 1863; Iannotti et al., 2000;
Villemure and Stokes, 2009).
3. Effects of mechanical loading on the growth plate
Growth plate cartilage possesses some similarity in its mechanical and compositional
properties to articular cartilage. Consisting of 65 to 80% water by weight it acts like a
viscoelastic material when subjected to compression exhibiting stress relaxation and
creep properties. Poroelastic or biphasic theories offer a simple explanation for the
mechanism responsible for this behavior, the diffusional drag of the motion of fluid in
relation to the solid component in the matrix (Mow et al., 1980).
Under compression, the growth plate is ten times more compliant in the
longitudinal direction (E=0.3-1.1 MPa) than in the transverse direction (E=4.6-10.6 MPa)
(Cohen et al, 1998). The mechanical behavior of the growth plate is different in each of
the zones. The reserve zone was found to be twice as rigid as the proliferative and
hypertrophic zones along both longitudinal and transverse axes. (Cohen et al., 1998).
This can be partly explained by differences in the ratio of cells to matrix and by Speer’s
(1982) collagenous architecture demonstration. The reserve zone collagen fibrils (radial
7

epiphyseal fiber system) are described as a continuation of the perichondrium where the
radial fibers are interlocked with the perichondrial fibers (Speer, 1982). However, in the
chondron region, the transphyseal fibers extend along the orientation of chondrons and
between the columns (Speer, 1982).
Regional differences in growth plate proliferation are responsible for the
formation of mammillary processes (Lippiello et al., 1989). These regional differences in
proliferation have been hypothesized to be due to a combination of intrinsic and extrinsic
factors including biomechanical factors. The mammillary processes start as a flat surface
parallel to the growth plate but become increasingly undulated over time (Lippiello et al.,
1989). When these undulations of the growth plate are observed under light microscopy,
the cells are found to be organized as columns running parallel to the longitudinal axis of
the growth plate regardless of the orientation of the mammillary processes (Cohen et al.,
1992).
In a previous study (Tutorino et al., 2001) sequential stress relaxation tests were
carried out involving nominal strains of 20%, 50%, 80% and 100% , based on measured
displacements of the bone ends of the samples and the original average growth plate
thickness. In each of these tests conducted on specimens cut from the proximal tibial
epiphyses from 5 month old and 12-18 month old cows periodic oscillations in the stressstrain curves were observed.

These undulations overlapped each of the previous

compression cycles following a period of recovery after each stress relaxation test to
equilibrium stress levels (Fig.3).
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Fig.3. a) growth plate stress strain curves for compression to 20%, 50%, 80% and 100%
strain; b) enlargement of a portion of (a) showing periodic oscillations of the stress strain
curves (Tutorino et al., 2001).
The oscillations were found to have a periodicity of 0.02mm and amplitude of
0.1-0.4 MPa.

When scanning electron microscopy (SEM) images were analyzed

following freeze fracture of untested control samples and samples compressed to a
nominal strain of 100% (estimated actual cartilage strain of 90%) no apparent difference
in physical damage to the growth plate was evident. Conventional histology also did not
indicate any apparent differences between compressed and uncompressed samples.
These periodic oscillations were hypothesized to be caused by chondrocyte deformation
or displacement, buckling of individual chondrons or of the provisional calcification zone
(Tutorino et al., 2001). While the exact levels of compressive strain necessary to cause
cessation of growth are not known, it is likely that compression of 50% or greater would
be injurious to the growth plate and cause a cessation of growth, but the exact mechanism
by which this occurs is still unclear. It may be caused by damage or interruption of
vascular flow or perhaps damage to the cells in one or more of the critical zones of the
growth plate, either at the proliferative end or the hypertrophic end of the chondrons.
4. Previous studies on compression of physeal samples
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Various techniques have been used to investigate the microstructure of the growth plate
zones under compression (Amini et al., 2013, 2011, 2010; Choi et al., 2007). Studies
have been performed with the aim of characterizing the 3D morphology of chondrocytes
in growth plate at different zones (Amini et al., 2011). Through confocal microscopy,
one to five chondrocytes were obtained from each zone per sample. The samples were
then deconvolved and reconstructed in 3D. Cell volume, surface area, and minor and
major radii were obtained for each of these chondrocytes. The results indicated a fivefold increase in the cell volume and a three-fold increase in cell surface area from reserve
to hypertrophic zone when subjected to 15% compressive strain. It was found that
chondrocytes in hypertrophic zone showed more deformation than those in the reserve
and proliferative zone (Amini et al., 2011).
Studies have shown that the mechanical deformation is not the same in all three
zones even with the same amount of overall applied strain (Amini et al., 2010; Sevenler
et al., 2013; Villemure et al., 2007). It was determined that there is less deformation in
the reserve zone than the proliferative and hypertrophic zones, which was consistent with
previous research (Amini et al., 2010). However, while these studies used cells as
markers to measure strains at the zonal or mesoscale level this approach cannot enhance
our understanding of mechanical deformation of the growth plate at the microscale level
since cells are contained within and constrained to move with their respective chondrons.
The relationship between cells and their extracellular matrix is believed to be a critical
component of the signaling mechanism by which cells sense changes in their mechanical
environment. Thus, additional studies are needed that focus on the deformation of the
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chondrons at the microstructural level of the growth plate when subjected to
physiological and hyper-physiological levels of compression.
In a previous study, compressive stress-relaxation experiments were performed on
growth plates in a semi-confined compression apparatus in order to observe strain
patterns in different zones. This was achieved by employing a custom MATLAB texture
correlation algorithm using confocal images of the specimen under 0% and 10% strain
(Amini et al., 2013; Villemure et al., 2007). Non-uniform strain distributions were found
in all three zones (Villemure et al., 2007). Low tensile strains were also observed along
with high compressive strains. While this study provided some insight into the mesoscale
strains at the tissue level of the growth plate it is not possible to determine how the
chondrons deformed under compression.

Therefore, observing deformation of the

microstructure at the chondron level could help us better understand how the strains are
transmitted to the cells.
A multiscale finite element sub-modelling study was performed at macro-, mesoand micro-scale levels, from whole bone to chondrocytes to study compressive load
transmission under 20% compression of the growth plate to the chondrocytes in the
chondrons within the growth plate (Gao et al., 2015). The computed variation in strains
along the lengths of the chondrons in the central region of the growth plate were the
reverse of those in chondrons located at the periphery or perichondrial edge (Gao et al.,
2015). This indicated that chondrons at the free boundary were free to buckle outwards
whereas those in the interior were more constrained and limited by neighboring
chondrons. Experimental observations are needed of chondron deformation at the edge
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and in the interior to confirm these findings and verify if the multiscale model is
appropriate (Gao et al., 2015).
Compressive experiments (Broom and Poole, 1982) have been performed on
articular cartilage with the purpose of observing deformation of chondrons qualitatively
as a function of location within articular cartilage. Chondrons at the peripheral edges of
the sample underwent more buckling deformation than those in the central region similar
to what Gao et al. observed with growth plate in a multiscale finite element model.
However, the finite element model assumed short duration loading whereas the
compression experiments involve slow and long duration times rather than instantaneous
compressive loading. Similar experiments to observe chondron deformation in growth
plate cartilage under compression have not been reported in the literature.
5. Motivation for the study
Uneven loading of the growth plate can result in various deformities such as idiopathic
scoliosis and adolescent Blount’s disease (Iannotti et al., 2000). High compressive loads
can sometimes shut down the growth plate function altogether (Peterson, 2007).
Adolescent Blount’s disease is a bone growth abnormality that occurs primarily in obese
adolescent males (Gettys et al., 2011). Excessive joint loads across the knee joint result
in a decrease of growth or a cessation of growth in the medial portion of the proximal
tibial physis resulting in tibia vara or bowlegs (Gettys et al., 2011).

Studies have

explored the growth plate deformation at macro, meso and microscale to understand the
mechanical behavior of the growth plate better to indirectly understand the
mechanotransduction phenomenon responsible for these conditions.
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Observing and measuring chondron deformation would provide microscale
information about the behavior of growth plate under compression.

Based on the

previous study (Tutorino et al., 2001), it can be hypothesized that the periodic oscillations
observed in the stress-strain curve might be correlated with buckling of the chondrons.
These reasons motivated the study to observe growth plate chondrons under various
levels of compressive strains. Stress relaxation tests were performed at 20%, 30% and
40% compressive strains to characterize the chondron behavior. A strain level of 20%
was chosen as the physiological range as estimated by taking the average cross sectional
area of the growth plate and estimated joint force and the measured elastic modulus of the
cartilage. Higher strain values were considered hyper-physiologic and injurious strains.
Chondron deformation was observed characterized by measuring the change in curvature
of the chondrons at the various strain levels.
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Chapter 3. Growth plate chondron deformation under physiologic and hyperphysiologic compression
1. Abstract
The physis, or growth plate, is a layer of cartilage responsible for long bone growth. It is
organized into reserve, proliferative and hypertrophic zones. Unlike the reserve zone
where chondrocytes are arranged randomly, either singly or in pairs, the proliferative and
hypertrophic chondrocytes are arranged within a tubular structure called a chondron.
Strain gradients within the growth plate have been found to be heterogeneous with an
apparent random pattern. No study to date has examined how chondrons deform when
the physis is compressed. This study reports on a method to measure structural
deformations along the entire lengths of chondrons when the physis is subjected to
physiological (20%) and hyper-physiological (30% and 40%) levels of compression. The
results allow for an interpretation of the apparent random heterogeneity in strains in terms
of bending and shearing deformations of chondron structures and may provide an
explanation for the randomly appearing tensile strains reported in a previous study.
2. Introduction
The growth plate, also known as epiphyseal plate or physis, is an undulating structure
composed of hyaline cartilage and is responsible for the longitudinal bone growth of long
bones. Growth plates remain in either end of the long bone between epiphysis and
metaphysis until growth stops, which is typically sometime in adolescence when the bone
ossifies completely (Iannotti et al., 2000). It is organized into three zones: the resting (or
reserve) zone sometimes referred to as the germinal layer containing the stem cells; the
proliferative zone with flattened cells that divide; and the hypertrophic zone where
mineralization begins and the cells increase in size causing most of the growth. The
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proliferative and hypertrophic zone chondrocytes are organized in a tubular matrix called
a chondron. The extracellular matrix around the chondrons consists of: a pericellular
matrix immediately surrounding the cells, a territorial matrix that forms a sleeve around
the column of chondrocytes, and interterritorial matrix that lies between two chondrons
and forms part of the chondron tubular wall (Eggli et al., 1985). Mechanical forces
across the growth plate have been found to alter gene and protein expression and affect
chondrocyte metabolism (Iannotti et al., 2000). The Hueter-Volkmann principle states
that increased compression retards, whereas reduced compression accelerates the growth
rate (Hueter, 1863; Villemure and Stokes, 2009 ). An example of this is adolescent
Blount’s disease, which is linked to obesity and occurs as a result of asymmetric loading
of the bone which then generate non uniform mechanical forces on the growth plate
(Gettys et al., 2011).
Many macro and microscale experiments have been performed to determine the
mechanical properties of growth plate as a whole and mechanical behavior of the
chondrocytes in the physis (Amini et al., 2013, 2011, 2010; Choi et al., 2007; Cohen et
al., 1998; Sevenler et al., 2013; Villemure et al., 2007). Some have used mathematical
modelling and experimental procedures to extract mechanical properties by observe stress
relaxation of compressed growth plate samples assuming transversely isotropy (Cohen et
al., 1998). This assumes a structural arrangement in which the dominant direction is
along the bone long axis (also along the chondron direction) and the transverse plane is a
plane of symmetry. Other compression experiments have been performed to quantify
deformation at the tissue level in each zone through imaging (Amini et al., 2010), strain
mapping in each zone using texture correlation (Amini et al., 2013; Villemure et al.,
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2007), and changes in chondrocyte dimensions (Amini et al., 2011) using confocal
microscopy. It has been reported that the shear strains in the longitudinal planes induced
by shearing the growth plate transverse to the growth direction by 5-15% were largest in
the proliferative zone and smallest in the germinal layer and hypertrophic zone (Sevenler
et al., 2013). High strains were concentrated at the boundaries between groups of
chondrons suggesting that chondron clusters are bound together more tightly as a unit and
less so with adjacent clusters. In fractography studies of growth plate samples tested to
failure in tension it has been shown that clusters of chondrons gathered at a nutrient
vessel penetrating the reserve zone (Williams et al., 2002). The clusters are pulled away
at the border with the reserve zone and remain intact on the metaphyseal side, leaving
behind a matrix sleeve on the epiphyseal side (Williams et al., 2001).
These two experiments were the closest to characterizing and drawing
conclusions regarding a repeating unit present in growth plate. Through this, we know
the fiber orientation around the columns play an important role in stress distribution of
the samples. However, little research exists which would elucidate the microscale
chondron level mechanical behavior of the growth plate.
In previous compression studies (Tutorino et al., 2001), it was found that growth
plate has not experienced any physical damage even when it was subjected to high
strains. But there was a periodic oscillation in the stress- strain curves at all strain levels
observes which was hypothesized to be a result of cellular or chondron level deformation
of the growth plate. To explore this concept further, this study aims to characterize the
chondron level deformation of growth plate under compression by observing and
measuring the change in shape of the chondrons under increasing compression levels of
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physiological (20%) and hyper-physiological (30% and 40%) compressive strains. This
will be performed using confocal microscopy to obtain 3D views of the chondron
structures within the growth plate sample before and after stress relaxation tests at
different strains.
2. Methods and materials
2.1. Bone and growth plate harvest
The distal end of an ulnar bone (Fig. 1) was obtained from a twenty-day mongrel-breed
pig. The samples were washed with phosphate buffered saline (PBS, American Bio

Fig. 1. a) Illustration of the locations for sectioning of the ulnar bone, and b) two
sectioned 4-mm thick slices. Scale bar is 8mm.

Innovations, pH 7.4) and wrapped in gauge and stored at -20°C until use. After thawing
in PBS the distal end of the ulna was cut into three 4-mm thick slices parallel to the
longitudinal axis of the bone (Fig. 1) using a diamond wafering blade and an Isomet
1000 bone saw (Buehler, Lake Bluff, USA). Compression test samples (8 x 4 x 4 mm)
were cut from the central region of each slice, stored in PBS at 40°C until ready for use
or frozen for a later time.
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2.2. Growth plate thickness measurements
Each test sample was imaged with a stereomicroscope (Olympus SZX16, Tokyo, Japan)
and calibration slide at 5X magnification. Average growth plate thickness measurements
(< 0.01 mm resolution) were obtained by measuring the longitudinal distance between
epiphyseal and metaphyseal borders at twenty locations on each test sample using Image
J (NIH, Maryland, USA). Displacements required to achieve average compressive strains
of 40%, 60% and 80% across the growth plate cartilage were calculated for these
thickness measurements.
2.3. Staining
The chondrocyte nuclei were stained with PBS: Hoechst 33342 (Invitrogen, Waltham
MA) at 1:10000 dilution for 30 min. The sample remained in a PBS wash for 10 min
before being transferred to the compression stage on top of a glass slide.
2.4. Compression device
To compress the samples, a pupose-built device was designed which incorporated a
mechanical micrometer (Pittsburgh 0-1 in. micrometer, Camarillo, CA) with a resolution
of 0.0001 in. A custom compression jig was attached to the anvil of a micrometer (Fig.
2a). The micrometer spindle was used to apply compression.

A custom stage was

designed to hold the compression device which could be attached to the confocal
microscope stage during imaging. This was intended to reduce translation of the field of
view during imaging.

To achieve nominal strains of 20%, 30% and 40% across the

growth plate cartilage the micrometer spindle was advanced a distance calculated using
the average growth plate thickness for each specimen.
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Fig. 2. a) Compression jig with a test sample compressed between a fixed platen (top)
and a self-adjusting platen (middle). b) Compression jig with a stage that can be mounted
onto the inverted confocal microscope stage.

2.5. Confocal microscopy and stress relaxation compression tests
The growth plate was imaged with the sample mounted in the compression setup using a
laser scanning confocal fluorescence inverted microscope (Nikon A1) to obtain a z-stack
of image at 10X magnification slices along the long axis of the bone. The x-y grid size
was set to 1024X1024 pixels with a 3 µm step size in the z direction and a pinhole size of
55.89 µm. After imaging without compression the sample was compressed to achieve an
estimated average strain of 20% across the growth plate for 15 min before imaging again
to allow for stress relaxation. These steps were repeated for 30% and 40% strains
consecutively without removing the sample throughout this process. The depth of the
tissue imaged at all strains was approximately 100-120 µm and was obtained as a stack of
images; this image stack was later used to generate the Extended Depth of Field (EDF)
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images. After confocal microscopy imaging at 40% strain the sample was imaged with
the stereo microscope at 5X to obtain growth plate thickness measurements at 40% strain.
2.6. Extended depth of field (EDF) images
Extended depth of field (EDF) images were obtained for the growth plate image stack at
all four strain levels for all three samples using an algorithm to obtain in focus images of
the 3D chondrons using complex wavelets (Forster et al., 2004). This is implemented in
the EDF ImageJ plugin (http://bigwww.epfl.ch/demo/edf/).
In this process, the fusion algorithm is first applied to the stack of images with the
same alignment and magnification, creating a single composite image. In-focus planes
have high frequency content whereas out of focus planes have low frequency content.
Then a wavelet transform performs local analysis on the image frequency content to
determine which information in a plane is in focus.

The complex-valued wavelet

transform image is decomposed by filtering out finite length high and low pass filters and
then downsampling. The resultant of this process is a complex-valued coefficient matrix
which is then reconstructed through upsampling and filtering.

Larger values in

coefficients provide a sharper contrast. This provides the composite EDF images used
for data analysis (Forster et al., 2004).
2.7. Chondron deformation – curvature measurements
The EDF images were imported into ImageJ (NIH, Bethesda, Maryland, USA) and
spaces between two chondrons were traced using the multi-point tool.

The X-Y

coordinates were saved in the ROI manager and were exported to an Excel spreadsheet to
obtain the coordinates that would provide a general shape of each chondron. This
technique was utilized to trace twenty chondrons per image for all strain levels.
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The X- Y coordinates for all strains were exported to JMP® Pro 12.1.0 (SAS
Institute Inc., Cary, NC, USA) and a spline was fit to the data and the equation for the
spline was saved. The spline fit data were resampled at 2 µm X-intervals using
MATLAB 2016 (MathWorks®, Natick, MA) and curvature measurements were obtained
at 2 µm X-intervals using the curvature algorithm described in theory and calculations
section. Using the spline fit coordinates and the curvature values at these coordinates,
curvature contour plots were created for each test sample at all strains. The minimum
contours were set to 0.002 (1/µm) to eliminate digitization error.
2.8. Curvature algorithm
Curvatures were calculated numerically using a three-point finite difference
approximation of the curvature as follows (Belyaev, 1999). A circle was passed through
three consecutive points as an approximation of the osculating circle for the spline fit of
each chondron. The curvature was calculated from the formula



4S
abc

(1)

where S is area of the triangle with vertices at point 1, 2 and 3, and a, b, and c are
the distances between the vertices. This method was started at the boundary with the
reserve zone and the chondron and repeated moving point by point along the spline to the
other end of the chondron. The radius of curvature was calculated by taking the inverse
of this value.
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2.9. Statistical analysis
The curvature data exhibited an approximate log normal distribution. The curvature
values were log transformed to obtain the mean, and upper and lower 95% limits were
calculated by using the following formula: mean ± (1.96 x standard deviation). Means
and 95% limits for the log normal; distributions were calculated using the antilog values
of the transformed results.
For each sample the curvatures were compared across four levels of one factor (%
strain) using the Kruskal-Wallis test. A post-hoc test was chosen to compare all pairs of
strain (Dunn All Pairs for Joint Ranks test) within each sample resulting in six different
strain comparisons per sample.
3. Results
Differences were found for each of the three samples as a function of strain levels
(p<0.001). Post-hoc testing revealed differences (Table 1 and Figure 3) between all pairs
of strain levels (p<0.001).
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Fig. 3. Mean radii of curvatures (+95% confidence of the mean) of all samples at all
four strains. The mean radius of curvature decreased in a linearly with increasing strain
for the Sample 1 whereas for the other two samples it decreased or leveled off before
increasing at 20 to 30% strain.

Table 1 summarizes the mean and the spread of data through upper and lower 95% limits
as well as the number of data points collected for all 20 chondrons in that strain. The
three samples had different growth plate geometries due to variations in the mammillary
process. In Sample 1 the mammillary process was V-shaped, whereas Sample 2 and
Sample 3 had a mammillary process with a nearly constant slope. The mean radius of
curvature for Sample 1 decreased linearly as the strain increased whereas it initially
decreased and then quickly increased beyond 30% strain for the Sample 2 and Sample 3
with sloped mammillary processes.
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Table 1. Meana and 95% confidence intervals of chondron radii of curvature (µm)

Sample 1 mean
Lower 95% limit
Upper 95% limit
No. of data points
Sample 2 mean
Lower 95% limit
Upper 95% limit
No. of data points
Sample 3 mean
Lower 95% limit
Upper 95% limit
No. of data points
a

0% strain
810 µm
82 µm
7930 µm
9274
853 µm
89 µm
8165 µm
7986
853 µm
89 µm
8165 µm
7986

20% strain
612 µm
59 µm
6327 µm
7457
675 µm
71 µm
6379 µm
6087
722 µm
76 µm
6837 µm
6186

30% strain
495 µm
46 µm
9762 µm
6225
577 µm
51 µm
6536 µm
3845
798 µm
77 µm
8977 µm
4942

40% strain
429 µm
38 µm
4812 µm
4873
1014 µm
101 µm
10151 µm
3431
1191 µm
116 µm
12188 µm
4714

Means were obtained by taking antilogs of the mean values of the log transform of the data

During compression of the growth plate cartilage from 0 to 20% strain the mean
radius of curvature of the chondrons decreased by as much as 24%. At greater strains,
the radius of curvature either decreased or increased depending on the shape of the
mammillary processes (Fig. 3, Table 1). Mean of radius of curvature for the chondrons
in Sample 1 showed a 50% reduction from 0% to 40% strain. The mean radius of
curvature values of Sample 2 reduced about 33% from 0 to 30% strain and then exhibited
a 75% increase from 30% to 40% strain. Sample 3 showed a 6% reduction in radius of
curvature up to 30% strain and showed a 50% increase from 30% to 40% strain. For the
Sample 1, radius of curvature values reduced drastically from 0% strain to 40%
compression whereas for Sample 2 and Sample 3 there is a reduction/leveling off in the
mean from 0% to 20% and 20% to 30% but there is an increase in radius of curvature at
the 40% strain.
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The chondrons and the mamillary processes can be seen in the extended depth of
field (EDF) images for all strains (Fig. 4, 5, and 6). The Sample 1 has V-shaped
mammillary process whereas the other two samples were similar to each other with
continuously sloping mammilary processes. Sample 3 was subjected to more
compression on one side tha the other. The corresponding contour plots show the
curvatures along chondrons at each strain level. Maximum curvatures reached values of
0.015 (1/µm) for all strains for Sample 1 and maximum of 0.012 (1/µm) for Sample 3.
For Sample 2, the maximum curvatures at 0% and 30% strains reached 0.02 (1/µm) while
at 20% and 40 % strains, they reached 0.01 (1/µm).
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Fig. 4. Extended depth of field images for the confocal image stack of the Sample 1 at
all four strains and their corresponding contour plots displaying varying curvature along
the chondrons. The scale bar is set to 100μm. The contours for the curvature range from
0.002 (1/µm) to 0.015 (1/µm) for all strains.
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Fig. 5. EDF images for the confocal image stack of the Sample 2 at all four strains and
their corresponding contour plots displaying varying curvature along the chondrons. The
scale bar is set to 100 μm. The contours for the curvature for 0%, 20 % and 40% strain
range from 0.002 to 0.010 whereas for 30% range they vary from 0.002 (1/µm) to 0.020
(1/µm).
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Fig. 6. Extended depth of field images for the confocal image stack of the Sample 3 at
all four strains and their corresponding contour plots displaying varying curvature along
the chondrons. The scale bar is set to 100μm. The contours for the curvature range from
0.002 (1/µm) to 0.012 (1/µm) for all strains.

The mean radii of curvature for Sample 1 decreased as the growth plate was
compressed from 0% to 40% while they decreased for Sample 2 and Sample 3 during
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compression from 0% to 30% and then increased as the growth plate was further
compresses from 30% to 40% strain (Fig.3).
The overall growth plate strain after the final nominal 40 % compression of each
sample were measured with a stereomicroscope and ranged from 44 to 54% (Table 2).

Table 2. Mean growth plate thickness before and after 40% compressive strain
Sample no. Mean thickness before
compression (mm)
1
2
3

1.45
1.44
1.18

Mean thickness after final
compression (mm)

Strain after final
compression

0.81
0.65
0.60

~44%
~54%
~48%

The combined heights of the proliferative (P) and hypertrophic (H) zones were obtained
from the EDF images of the three samples by measuring the distance between the reserve
zone and calcified cartilage zone at 20 locations across the growth plate samples (Table
3).

Table 3. Confocal Microscope EDF measurements for mean growth plate thickness before and
after 20%, 30% and 40% compressive strain
Sample
no.

Chondron length
before
compression

After 20%
compression

After 30%
compression

After 40%
compression

1
2
3

936 µm
793 µm
770 µm

713 µm (~23%)
618 µm (~22%)
616 µm (~20%)

643 µm (~31%)
531 µm (~32%)
518 µm (~32%)

566 µm (~39%)
445 µm (~43%)
516 µm (~33%)

The combined P and H zone strain for the V-shaped sample (Sample 1) was close
to the strain across the entire growth plate (Table 2), whereas the combined P and H
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strains for the two samples with a continuously sloping mammillary process (Sample 2
and Sample 3) were lower than the strains observed across the entire growth plate.
3.4. Discussion
The goal of this study was to characterize the deformation of the growth plate under
compression at the level of the chondron. This was achieved by subjecting three growth
plate samples cut from a single distal pig ulna to physiological and hyper-physiological
levels of strain while imaging by confocal microscopy at each strain level following a
period of stress relaxation. The resulting confocal image stacks were transformed into
extended depth of field (EDF) images to enable more intact segments of chondrons to be
selected for curvature analysis. The curvatures of the deforming chondrons were
measured along their lengths from the reserve zone to the calcified cartilage zone in
planes parallel to the image planes and cut surface of the specimen.
The radius of curvature was used as a means to characterize deformation in the
chondrons as this offered an indirect measure of chondron stresses. By considering a
simple conceptual model of the chondron as an elastic beam-column on an elastic
foundation the bending moments along the chondrons can be related to the curvatures and
flexural rigidities of the chondron beam-columns (Dinev, 2012). The radius of curvature
is inversely proportional to the bending stress in the beam-column by virtue of classic
beam theory and the flexure formula and will result in tensile strains on the convex side
of the bending chondrons and compressive strains on the concave sides. This approach is
in contrast to the methods reported in the literature for determining strains in growth plate
cartilage by digital image or texture correlation and strain mapping (Kaviani et al., 2015;
Villemure et al., 2007), in that it provides insight into the deformation of the chondron,
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the highly organized structural and functional unit of the tissue containing the
chondrocytes. Villemure et al. (2007) noted that strain distributions varied throughout
the growth plate thickness with some tensile strains reaching 20% in apparently random
areas of the growth plate even though it was compressed by 15 %. However, such strain
maps are calculated from the kinematics of labeled cells in the cartilage without
knowledge of their relationship to other cells within the same chondrons with which they
are constrained to move. Our approach follows cells as they move with the chondrons
rather than as seemingly unassociated cells embedded in a homogeneous matrix and
provides a possible explanation for the findings of apparently random tensile strains.
The mean radius of curvature values of the chondrons varied between samples
depending on the shape of the mammillary processes contained within each sample. One
of the three samples was characterized by a V shaped mammillary process (Sample 1)
and the other two by a continually sloping mammillary process (Samples 2 and 3).
The mean radius of curvature of the V-shaped sample (Sample 1, Table 2)
decreased monotonically by 50% as the growth plate cartilage was compressed to 40%
strain (Fig. 3), implying that the bending stresses in the chondrons increased almost in
direct proportion to the applied strain. On the other hand, Sample 2 and Sample 3
showed a reversal in the mean radius of curvature when the applied strains exceeded 2030% strain indicating that the bending stress in the chondrons was relieved when the
overall compression of the cartilage exceeded 30% in Sample 2 and 20% in Sample 3.
Furthermore, during bending, and subsequent stress relief the mean radius of curvature in
these two samples continued to increase beyond the mean radius of curvature measured at
0% strain (Fig. 5 and 6). Under continued compression the sloping mammillary process
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contained in Sample 2 and Sample 3 caused the sample to shear allowing the bending
stresses in the chondrons to be relieved as the reserve zone end of the chondrons
displaced laterally relative to the calcified zone (Fig. 5 and 6).
The radius of curvature data were logarithmically distributed requiring the data to
be log transformed to obtain descriptive statistics measures of the central tendency and
spread, i.e., means and 95% confidence limits for the radius of curvature distributions in
each specimen (Table 2) as well as for hypothesis testing. For example, the 95% limits
for the radius of curvature for Sample 1 at 40% strain are 38 μm - 4812 μm, and the mean
was 429 μm. To put these values in perspective it can be noted that the approximate
diameter of the chondrons varies between 30-50 μm. Due to the inverse relationship of
radius of curvature and bending stress, the lower the radius of curvature the greater the
expected bending stress and it is possible that the differential in bending stresses and
strains between the convex tensile and concave compressive sides of the chondron would
be accompanied by shear stresses and strains transmitted to the chondrocytes housed
inside the chondrons, generating biological signals responsible for proliferation and
differentiation and at large differential strains possibly even arresting further activity.
The use of one adjustable and one fixed compression platen allowed the applied
compressive force to be distributed evenly across the specimen end faces, but this
resulted in some unevenness in the nominal applied strains. This was particularly evident
in Sample 3 where the growth plate cartilage was subjected to more compression on one
side of the specimen than the other. It is also evident through the Figs. 4, 5, and 6 that a
crimp or kink occurred at one end of the chondrons near the transition from reserve zone
and proliferative zone at 30% strains (Fig. 7). This was mostly where the high
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curvatures were observed. The high degree of bending resulting in apparent crimps in
the chondrons at these hyper-physiological strain levels and may be related to the clinical
observation of cessation of growth following compression injuries.

Fig. 7. (a) Extended depth of field image showing extreme localized bending (arrows)
developing in the chondrons in Sample 2 at the reserve zone interface under an applied
30% compressive strain. (b) Chondron curvature contour plot in approximately the same
area.

In a previously reported experiment where the growth plate was tested to failure
in tension, it was found that clusters of growth plate chondrons remained attached to the
metaphyseal side after fracture separation leaving a honeycombed scaffolding of
interterritorial matrix attached to the epiphyseal side (Williams et al., 2002). Through
this observation, it can be postulated that the chondrons have weaker attachments at the
reserve zone/ proliferative zone interface than at the metaphyseal border with the
calcified cartilage zone. Shearing between clusters of chondrons has been observed in
both longitudinal and transverse directions of the growth plate even when it was only
loaded with simple shear in transverse direction (Sevenler et al., 2013). In our curvature
contour plots, we can observe that the chondrons exhibited large curvatures at the
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reserve/proliferative zone borders suggesting that shearing may have occurred in the
interterritorial matrix connecting adjacent chondrons in a direction transverse to the
growth direction at that location which may be related to the observations of Sevenler et
al. (2013).
Along with high curvatures in reserve/ proliferative zone transition areas, high
curvature is also evident at the lower proliferative and upper hypertrophic zone transition
at 20% and higher strains (Figs. 4, 5, 6). The transition between what is likely the
maturation zone (lower proliferative) and the upper hypertrophic zone may be an area
where chondrocytes are sensitive to high shear strains/stresses induced by bending in that
location.
Much less bending was observed near the hypertrophic/calcified cartilage zone
which is expected due to the gradual mineralization and stiffening of the chondrons in the
lower hypertrophic region transitioning into calcified cartilage. These results are similar
to the qualitative observations of severe compression of articular cartilage (Broom and
Poole, 1982) where a change in cartilage material properties between the surface layer
and near the calcified cartilage area results in little or no bending or lateral shear at the
tidal zone interface and significant bending and lateral shear of the collagen fibers and
chondrons in the regions away from the tidemark.
Due to the fact that inter-columnar sliding was not seen between individual
chondrons, Sevenler et al. (2013) suggested that the structure and organization of growth
plate chondrons goes beyond single chondrons. It is known that four to ten chondrons
cluster around a central nutrient artery perforating the reserve zone (Trueta and Morgan,
1960) and that these clusters survive more or less as such following tensile testing to
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failure (Williams et al., 2001, 2002) and to a lesser extent following shear to failure
(Williams et al., 1999a). The approach we used with confocal microscopy, followed by
transformation of the data to obtain extended depth of field (EDF) images allowed more
chondrons to be followed along their entire lengths, but is probably still limited to a
single layer of chondrons. However, it is possible that the chondrons that aren’t in the
field of view may deform in a similar fashion as the chondrons in the field of view if they
are part of the same cluster.
One of the limitations of this method is that the out of plane deformation is not
measured in the depth direction (Z-stack direction) due to the material and optical
constraints. Perhaps a different imaging method such as the optical coherence
tomography might make this possible. Another limitation is that the selection of the
digitized points defining the outline of chondrons may vary from person to person as it
calls for the researcher’s best judgement in discerning individual chondrons from the
collective whole.
Future work could include using this novel approach along with a load cell
attached compressor device to obtain the stress strain curves of the growth plate to relate
chondron deformation to nominal applied stress. Overall, this novel method offers an
approach to understand stresses experienced by the growth plate at the microscale level
of the chondron, which is the structural and functional repeating unit of the active part of
the growth plate. To our knowledge this is the first study characterizing deformation of
the growth plate at the level of the chondrons.
3.5. Conclusions:
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 The mean radius of curvature of the chondrons decreased linearly as growth plate
compression increased to 20%, i.e., compressing the growth plate to 20% caused the
chondrons to bend in all three samples.
 Beyond 20% compression the response of the chondrons varied depending on the shape
of the mammillary process.
 The chondrons in the sample with a V-shaped process continued to bend in direct
proportion to the applied compression as the mean radius of curvature varied inversely
with the degree of compression.
 The two samples with a continuously sloping mammillary process allowed the
epiphysis to shear relative to the metaphysis during compression resulting in a rapidly
increasing mean radius of curvature of the chondrons thereby relieving the chondrons
from further increases in bending stresses.
 At the reserve zone/ proliferative zone transition, pronounced chondron crimping or
folding was seen between 20 and 30% compression suggesting the development of high
bending stresses in the chondrons in that area.
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Chapter 4. Limitations and Future Work
This study offers a first characterization of the deformation of the growth plate at the
level of the chondron, which is the structural and functional repeating unit of the active
part of the growth plate. While successful, some limitations are noted below, as well as
pathways for future work to further extend this area of inquiry.
Limitation: Resolution
To perform strain measurements on the same sample, the z-stack spacing was set to 3 μm
to reduce photobleaching. Setting the spacing to a lower value could have improved the
resolution of the sample in the y-z axis to obtain the third dimensional information.
However, this technique would not have allowed imaging of the sample multiple times at
different strains. A second potential cause of poor resolution in the y-z plane is the
resolution limitation of confocal microscopy in the z-stack direction. A third cause of
poor resolution in the y-z plan is the background luminescence from the chondrons that
are not in the field of view.
Future Work: Resolution
Testing one strain per sample may be better as it would reduce the issue of
photobleaching, and may improve the y-z plane resolution. One should also consider
deconvolution techniques to computationally improve the resolution of the image which
provides the third dimensional information. Using the y-z axis information, curvatures
can be calculated that are not only limited to two the dimensional information that was
obtained from the x-y plane.

Limitation: Projection Tools
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Another issue was that the extended depth of field (EDF) plugin does not have allow one
to track a single chondron in three dimensions. Rather, it provides a 2D projection. This
causes an issue when a chondron is only partly contained within the volume defined by
the depth of field and is projected along with chondrons that are contained in their
entirety. Therefore, it is difficult to differentiate with absolute certainty between whole
and partially contained chondrons.
Future Work: Projection Tools
The convex Hull method (Barber et al., 1996) offers a promising technique that needs to
be further explored and which could provide a means to obtain the three dimensional
(3D) chondron-level information.

Combining that along with 3D individual cell

dimensional changes could provide a good alternative to obtain more detailed
dimensional information of microscale cell level phenomena and relate it to the
mesoscale and macroscale studies. The microscale experiments could be used to verify
of results from finite element models.
Limitation: Compressor
Another apparent limitation is that the compressor has a fixed and a self-adjusting platen
that provides for uniform applied tractions at the expense of uniform applied
displacement. The advantage of an adjustable platen is that it allows for more uniform
load distribution and accommodates specimens with end faces that are not perfectly
parallel and also allows the specimens to adjust during compression as necessary due to
the shape and orientation of the growth plate mammillary processes. The alternative is to
use two fixed platens to provide uniform displacements at the ends of the sample, but
non-uniform applied tractions.
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This study was performed on three samples cut from the same specimen of a
single three-week old animal. To assess variability of the results, samples from different
animals of the same age should be obtained. This would allow for comparison to future
studies of the effects of age, diet and drugs on growth plate chondron deformation.
The analysis was performed on the data that were obtained by digitizing the
interterritorial matrix (ITM) between two chondrons to assess the overall shape and
orientation of the chondrons. This procedure was prone to digitization variability in
locating the center of the ITM between chondrons. It was difficult to automate this
process without first segmenting the ITM. Due to the range of grey values obtained
throughout the image and limitation of contrast it was not possible to segment chondrons
on the basis of grey values alone. At the 10X magnification required to capture the
chondrons in entirety the segmentation of chondrons was perhaps more challenging than
it might have been at a higher magnification.
Future Work: Compressor
Improving the compressor by adding a load cell would allow for the stress strain
relationship to be related to the observed buckling of the chondrons. Digital volume
correlation (DVC) offers another new possibility to provide strains in the whole growth
plate in three dimensions which would avoid the limitations of DIC when the tissue
buckles out of the plane of view which is most likely to occur at such high compressive
strains. Using the data acquired in this study one can explore digital volume correlation
and use the information to verify and improve multiscale computational models.
Combining the current technique and DVC can provide a means to relate changes in
microstructure to bulk properties.
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Observing the slopes of chondrons at epiphyseal and metaphyseal ends of the
growth plate chondron could provide information relating to the chondrons interaction
with the interfaces. There is a drastic change in material properties at the reserve zone
matrix and the calcified cartilage area from the chondrons.

A possible avenue to

understand what is going on at the interface would be to quantify slopes and curvatures of
the ends of the chondrons and compare these to existing beam bending and buckling
theories.
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Appendices

Appendix A. Sample photomicrographs of samples before and after compression
Figures 1, 3 and 5 show images of 3 samples before and after 40% compression. Figures
2, 4 and 6 show images of 3 samples before and after 40% compression taken at 5X
magnification.

The images taken at 5X magnification were transferred to ImageJ to

obtain the thickness of the growth plate by measuring thicknesses at 20 locations along
the growth plate with 0.01 mm resolution.
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Fig. 1. a) Growth plate Sample 1 before compression at original magnification and b)
after 40% compression. The scale bar is set to 1mm.
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Fig. 2. a) Growth plate Sample 1 before compression at 5X magnification and b) after
40% compression. The scale bar is set to 0.1mm.
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Fig. 3. a) Growth plate Sample 2 before compression at original magnification and b)
after 40% compression. The scale bar is set to 1mm.
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Fig. 4. a) Growth plate Sample 2 before compression at 5X magnification and b) after
40% compression. The scale bar is set to 0.1mm.
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Fig. 5. a) Growth plate Sample 3 before compression at original magnification and b)
after 40% compression. The scale bar is set to 1mm.
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Fig. 6. a) Growth plate Sample 3 before compression at 5X magnification and b) after
40% compression. The scale bar is set to 0.1mm.
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Appendix B. EDF images in the x-y plane & digitized points

The following extended depth of field (EDF) images are organized sequentially such that
each EDF image of a sample at a given applied strain level is followed by the same image
with the digitized points superimposed to show where the chondron shape outlines were
collected. The only exception for that is the image for Sample 1 because the digitized
points image was not captured at that time. The scale bars in Figs. 1 through 23 are 100
. The x-y plane here refers to planes parallel to the plane of the cut to expose the
growth plate, which was made along the longitudinal direction of the bone.
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Fig.1. Sample 1 before compression (zero strain)
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Fig. 2. Sample 1 after compression to 20% strain
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Fig. 3. Sample 1 after compression to 20% strain showing the digitized points
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Fig. 4. Sample 1 after compression to 30% strain
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Fig. 5. Sample 1 after compression to 30% strain showing the digitized points
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Fig. 6. Sample 1 after compression to 40% strain
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Fig. 7. Sample 1 after compression to 40% strain showing the digitized points
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Fig. 8. Sample 2 before compression (zero strain)
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Fig. 9. Sample 2 before compression (zero strain) showing the digitized points
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Fig. 10. Sample 2 after compression to 20% strain
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Fig. 11. Sample 2 after compression to 20% strain showing the digitized points
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Fig. 12. Sample 2 after compression to 30% strain

69

Fig. 13. Sample 2 after compression to 30% strain showing the digitized points
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Fig. 14. Sample 2 after compression to 40% strain
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Fig. 15. Sample 2 after compression to 40% strain showing the digitized points
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Fig. 16. Sample 3 before compression (zero strain)
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Fig. 17. Sample 3 before compression (zero strain) showing the digitized points
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Fig. 18. Sample 3 after compression to 20% strain
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Fig. 19. Sample 3 after compression to 20% strain showing the digitized points
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Fig. 20. Sample 3 after compression to 30% strain
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Fig. 21. Sample 3 after compression to 30% strain showing the digitized points
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Fig. 22. Sample 3 after compression to 40% strain
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Fig. 23. Sample 3 after compression to 40% strain showing the digitized points
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Appendix C. Curvatures calculated form the circle fitting algorithm vs calculus

To evaluate the accuracy of the circle fitting algorithm a third order polynomial was fit to
one of the chondron digitized data sets. Fig. 1 shows the curvature values plotted for this
chondron. Fig. 1 compares curvatures calculated by the curvature formula from calculus
(blue curve) versus the circle fitting method (orange curve) outlined in Appendix A. The
circle fitting method was applied to points obtained from the third order polynomial
equation at 2 micron intervals. The circle fitting method does not provide curvature
results at the end points and the calculus curvature formula yields erroneous curvatures at
the ends of the polynomial. Otherwise the comparison shows reasonable values are
obtained from the circle fitting approach for data samples at 2 micron intervals.
However, many of the deformed chondrons could not be fit by a single third order
polynomial. Therefore, spline functions were chosen instead.

Fig. 1. Comparison of curvatures obtained using the circle fitting method (orange curve)
and using calculus (blue curve)
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Appendix D. MATLAB Code for calculating curvatures

The algorithm for curvature calculation was encoded in MATLAB 2016 (MathWorks®,
Natick, MA). As explained in Sections 2.7 and 2.8 of the main text the middle of the
interterritorial matrix between two chondrons was digitized to provide the data points
needed to outline the edges of the chondrons. Three consecutive digitized points were
used to define a circle. The curvature at that location along the curve defining the shape
of the chondron was calculated from the circle. The process was repeated by moving
along the digitized points one point at a time and stopping after the last three points were
reached.

p=xy;%open your chondron x,y coordinates as a matrix
for i=1:size(p)-2%this opens your n*2 matrix of coordinate values so
you can start the for loop
x=[p(i,:);%this opens 1 and 2 values for your distance. you have a
triangle from 1,2; 2,3 and 3,1 x opens the 1,2 distances
p(i+1,:)];
a(i)=pdist(x);% a is recording the 1,2 distances
y=[p(i+1,:)% y is calling the 2,3 distances. so its consecutively
opening the 2,3 values until it reaches the last chondron
p(i+2,:)];
b(i)=pdist(y)% b is recording 2,3 distances
z=[p(i+2,:)
p(i,:)];
c(i)=pdist(z);%c is recording 1,3 distances
d(i)=(a(i)+b(i)+c(i))/2;% gives the semi perimeter of the triangle
s(i)=sqrt((d(i)-a(i))*(d(i)-b(i))*(d(i)-c(i))*(d(i)));% area of the
triangle based on heron's formula
r(i)=(a(i)*b(i)*c(i))/(4*s(i));% radius of the circle fitted in the
triangle
k(i)=1/(r(i));%curvature values. you will end up with 2 values less
than your xy matrix because its taking 3 points at a time
i+1
end
curvature=transpose(k);
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Appendix E: Repeatability measurements of curvatures for the same chondron

The repeatability of the method used to calculate curvatures was tested by performing six
digitization trials on the same chondron from Sample 1 after 40% compression (Fig. 1).
The peak curvature at a longitudinal location of 400 microns ranged from 0.011 to 0.0284
with a mean of 0.116 and a standard deviation of 0.0063. The peak curvature at a
longitudinal location of 770 microns ranged from 0.014 to 0.02 with a mean of 0.09 and a
standard deviation of 0.004. These two peak curvature locations correspond to the
reserve zone-proliferative zone transition and at the lower hypertrophic zone area as seen
in Fig, 4 from the results section (Chapter 3).
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Fig. 1: The first figure shows the curvature plot for one chondron from the Sample 1
after 40% compression. Then the next 5 plots represent the repeated measurements of the
same chondron.
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Appendix F: Sensitivity of calculated curvatures to resampling of the original spline
fit

Fig.1 contains four rows and two columns of plots. The left column contains the spline
fits to the digitized points in the x-y (transverse-longitudinal) plane for a chondron in the
Sample 1 after 40% compression.

The second column shows the corresponding

calculated curvature plots in the x-y plane using either the original digitized points or
after resampling the spline curve at different resampling intervals. The sensitivity of the
algorithm used to calculate curvature to the sampling interval can be seen by comparing
the plots in the column on the right. A 2 micron interval was chosen for work in this
thesis.
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Fig. 1. The top row shows the spline fit to the original digitized sample points for each
digitized chondron on the left and the corresponding curvature plot on the right. The
second, third and bottom rows show the results after resampling the original spline curve
at 20, 5, and 2 micron intervals, respectively .
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Appendix G: Spline sensitivity to different smoothing values

To understand the sensitivity of the spline fit to the smoothing parameter lambda, a
relatively straight undeformed chondron from Sample 1 was digitized prior to
compression. Spline curves were fit to the data using four different lambda values
(14000, 4000, 2000, and 200) as shown in Fig. 1. Larger values of lambda resulted in
smoother splines. Therefore, the data for this thesis were analyzed using a lambda value
of 14000.
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Fig. 1. The spline fit results for the same chondron data set using smoothing parameter
lambda values of 200, 2000, 4000, and 14000.
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Appendix H: Curvature results for a synthetic chondron with +1 pixel random
digitization error
A random digitization error of + 1 pixel in x- and y- directions was introduced into a data
set representing a straight line. This was repeated five times and the curvature values
were calculated for all five trials. The graphs in Fig. 1 show the variability in the
curvature due to a 1 pixel digitization error. The variance is mostly below 0.0015 (1/
µm); this value represents the estimated digitization error for our measurement technique.
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Fig. 1. Curvature results for five trials on the same straight line data with +1 pixel
random digitization error.
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Appendix I: Kruskall Wallis test and Dunn’s test results for samples at all strains

A random digitization error of + 1 pixel in x- and y- directions was introduced into a data
set representing a straight line. This was repeated five times and the curvature values
were calculated for all five trials. The graphs in Fig. 1 show the variability in the
curvature due to a 1 pixel digitization error. The variance is mostly below 0.0015 (1/
µm); this value represents the estimated digitization error for our measurement technique.

94

Fig. 1: Kruskall Wallis test and Dunn’s test results for Sample 1 at all strains
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Fig. 2. Kruskall Wallis test and Dunn’s test results for Sample 2 at all strains
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Fig. 3. Kruskall Wallis test and Dunn’s test results for Sample 3 at all strains
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Appendix J: Log transformed mean, upper and lower 95% limits for all samples

The graphs below show the log transformed value of curvatures at all strain levels in each
sample. Log transformation was performed using JMP® Pro 12.1.0 (SAS Institute Inc.,
Cary, NC, USA) as the curvature data were log normally distributed. Log transformed
mean, upper and lower 95% limits of the data are show at each strain level for each
sample.
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Fig. 1. Log transformed means and upper and lower 95% limits for Sample 1
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Fig. 2. Log transformed means and upper and lower 95% limits for Sample 2
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Fig. 3. Log transformed means and upper and lower 95% limits for Sample 3
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Appendix K: Fluorescent microscope photomicrographs used in preliminary
experiments
Prior to confocal microscope imaging, all the preliminary experiments were performed on
an Olympus IX71 (Olympus Corporation, Tokyo, Japan) inverted fluorescent
microscope.

The images were processed using Computational Optical Sectioning

Microscopy Open Source (COSMOS) (Computational Imaging Research Laboratory,
University of Memphis, Memphis, TN) to remove the out of focus light in order to
perform 3D segmentation. The first image (a) shows a fluorescent photomicrograph of
the growth plate slice. The second image (b) is a fluorescence photomicrograph of the
same image after COSMOS. Two challenges occurred that led to switching to the
confocal microscope instead of the fluorescent microscope: The COSMOS processing for
each image dataset took about 2 weeks of processing. This presented a time constraint as
it delayed the future research. Also, the fluorescent microscope being used did not offer
an automated way to acquire the xy-plane images of the sample which introduced a
manual error. Therefore, all the image sets in Chapter 3 were obtained using a confocal
microscope.
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Fig. 1. Fluorescence photomicrograph of a growth plate slice
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Fig. 2. Fluorescence photomicrograph of growth plate slice after COSMOS processing
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